Abstract: OBJECTIVES: This prospective clinical trial evaluated the longevity of direct resin composite (DRC) restorations made on stained dentin that is exposed upon removal of existing amalgam restorations in extensive cavities with severely reduced macro-mechanical retention for amalgam replacement. METHODS: Between January 2007 and September 2013, a total of 88 patients (57 women, 31 men; mean age: 51.6 years old) received extensive cusp replacing DRCs (n=118) in the posterior teeth. DRCs were indicated for replacement of existing amalgam restorations where dentin substrates were stained by amalgam. After employing a three-step total-etch adhesive technique (Quadrant Unibond Primer, Quadrant Unibond Sealer, Cavex), cavities were restored using a hybrid composite (Clearfil Photo Posterior, Kuraray). At baseline and thereafter every 6 months, restorations were checked upon macroscopically visible loss of anatomical contour, marginal discolouration, secondary caries, fractures, debonding and endodontic problems. Restorations were scored as failed if any operative intervention was indicated for repair, partial or total replacement. RESULTS: Restorations were observed for a minimum of seven, and maximum 96 months (mean: 40.3 months). In total, four failures were observed due to fracture (n=1), endodontic complications (n=2) and inadequate proximal contact (n=1). Failures were related neither to inadequate adhesion nor to secondary caries. Cumulative survival rate was 96.6% (95% CI: 89-95) up to a mean observation time of 40.3 months (Kaplan-Meier) with an annual failure rate of 0.9%. CON-CLUSION: In case of amalgam replacement, dentin that is exposed upon removal of existing amalgam restorations does not impair clinical longevity of extended cusp replacing direct resin composite restorations. CLINICAL SIGNIFICANCE: Extensive amalgam restorations can be replaced with a variety of treatment options. This clinical study indicates that in such cases directly applied resin based composites offer a reliable and low-cost treatment option, even if dentin is stained by amalgam corrosion products. Unibond Sealer, Cavex), cavities were restored using a hybrid composite (Clearfil Photo Posterior, Kuraray).
Introduction
Amalgam has proven to be a predictable material over the years for restorations of posterior teeth, even in extensive restorations. Numerous decayed posterior teeth have been saved or had their lifetime extended by amalgam restorations. 1 Almost three decades ago, resin composite (hereon: composite) materials have been regarded as not suitable for restoration of posterior teeth, especially in cases of extensive loss of tooth substance. Main points of concern were wear, marginal integrity, adhesion to dentin, radiopacity, dimensional stability and compressive strength. 2 However, with the advances in filler and polymer technologies and adhesive resins for enamel and dentin, composites progressed and became predictable materials even for use in stress bearing situations. Today, they are often regarded as the preferred material of choice not only for small restorations 3, 4 but also for large and stress bearing direct posterior restorations. 5 This implicates that if old amalgams need to be replaced, in many cases they will be replaced by composite restorations even in extensive cavity designs.
After removal of amalgam, dentin is commonly characterized by dark staining underneath the amalgam.
This stain is not limited to the interface but protrudes into dentin in pulpal direction. Corrosion products from amalgam are held responsible for this kind of dentin staining. 6 It has been demonstrated that especially Sn and Zn ions from amalgam can penetrate dentin, underlying amalgam. 6 Until now it is not clear what is the impact of staining in respect to adhesive properties in clinical circumstances. In an in vitro study, Harnirattisai et al. 7 reported decreased bond strengths of composites to amalgam stained dentin.
The objective of this study was to evaluate the clinical longevity of extensive cusp-replacing direct composite restorations (DCR) made after amalgam replacement on stained dentin substrate with amalgam ions, in extensive cavities with severely reduced macro-mechanical retention. The hypothesis tested was 4 that dentin that is exposed upon removal of existing amalgam restorations is not a reliable substrate for direct restorations.
Materials and methods

Study design
The brands, types, chemical compositions and manufacturers of the materials used in this study are listed in Table 1 .
Inclusion and exclusion criteria
Between January 2007 and September 2013, a total of 118 extensive cusp replacing DRCs were placed in 88 patients (57 women, 31 men; mean age: 51.6 years old) in the posterior teeth in a general practice. As the restorations in this study were made as a part of standard dental care with the employed treatment philosophy based on minimal invasive dentistry, no ethical committee approval was requested.
DRCs were indicated for replacement of existing amalgam restorations where dentin substrates were stained by amalgam ions. Information was given to each patient regarding the alternative treatment options.
Based on the informed consent, patients wished to have DCRs because of lower costs and the less invasiveness of the treatment compared to indirect restorations. Extensive restorations were scheduled because of complete or incomplete fracture of tooth structure, weakened cusps after cavity preparation, and/or secondary caries. An exact calculation of the amount of enamel and dentin surfaces present in a cavity in relation to the overall cavity margins was not feasible. Therefore, the zone of unstained dentin along the cavity outline, the absence of at least one cusp in premolars, and at least two cusps in molars were considered during inclusion and for classification. The inclusion and exclusion criteria for the teeth in this study are listed in Cavities were conditioned using a 3-step total etch technique. Enamel margins and dentin was etched simultaneously with 37% phosphoric etching gel (Ultra-Etch, Ultradent, South Jordan, USA) for 20 seconds, rinsed with water spray for about 5 seconds. Then, primer (Quadrant Unibond Primer, Cavex Holland, Haarlem, The Netherlands) was applied for 20 seconds using microbrush, gently air-blown for 2 seconds and adhesive resin (Quadrant Unibond Sealer, Cavex Holland, Haarlem, The Netherlands) was applied, airthinned and photo-polymerized for 20 seconds using an LED device (Demi, Kerr, Middleton, USA) at ~ 1000 mW/cm 2 . A midifil hybrid composite (Clearfil Photo Posterior, Kuraray, Tokyo, Japan) was applied in layers 6 of maximum 2 mm with a syringe technique. Each layer of composite was polymerized using an LED polymerization device (Figs. 1a-b).
Restorations were finished with fine diamond burs, tungsten carbide burs and rubber points. Application protocol is summarized in Table 3 . Also, the total treatment time was registered. Patients received individual instructions to maintain plaque control.
Evaluation
Patients attended the practice on a regular basis for periodic check-ups at 6 months intervals before and during the study. Restorations were scored as failed if any operative intervention was indicated for repair, partial or total replacement. The specific criteria for failure of restorations were defined in advance (Table 4) .
At baseline and thereafter every 6 months, restorations were checked upon technical (minute or gross fractures of tooth/restoration, debonding, food impaction due to contact loss) and for biological failures (caries, endodontic problems). Patients were asked to contact the practice if they would perceive any problem of the restored teeth.
Statistical analysis
Survival analyses were performed with statistical software program (SPSS 14.0; SPSS Inc, Chicago, IL, USA) using Kaplan-Meier and Log Rank (Mantel-Cox) tests to obtain the cumulative survival rates in relation to observation time. P values less than 0.05 were considered to be statistically significant in all tests.
Results
Restorations were observed for a minimum of 7, and maximum 96 months (mean: 40.3 months). No drop out was experienced with a recall rate of 100% after 96 months. Recalls were performed every 6 months after baseline measurements. Mean treatment time was approximately 45 minutes. Three DCRs were made under rubber dam. 7 Distribution of restored teeth and restoration types in the maxilla and mandible is presented in Table 5 .
Altogether, 4 failures were observed due to fracture of the cusp (n=1), endodontic complication (n=2) and inadequate proximal contact (n=1). The restoration with the cusp fracture had to be replaced. The two teeth with endodontic complications occurred after 14 months and 21 months because of endodontic fistula. They could be treated successfully and endodontic access opening were closed with composite. One patient complained of food impaction due to inadequate proximal contact tightness, which could be corrected by minor modification of the restoration.
All of the failures appeared in molars. Secondary caries was not observed in any of the restored teeth.
Cumulative survival rate was 96.6% (95% CI: 89-95) up to a mean observation time of 40.3 months (Kaplan-Meier) with an annual failure rate of 0.9% (Fig. 2 ). No significant difference was found between female and males (p>0.05) and premolars and molars (p>0.05).
Discussion
This study was designed to evaluate the retention of DRCs in cavities with dentin that is exposed upon removal of existing amalgam restorations. Since none of the experienced failures were related to adhesion
to dentin, the hypothesis tested that dentin that is stained by amalgam ions is not a reliable substrate for direct restorations could be rejected.
Although clinical studies focusing on the survival of amalgam replacements with DCRs in cervical lesions (Class V) are available in the literature, 8 in the general practice where this study was conducted the incidence of posterior amalgam replacements were more in common. Therefore, in this study the clinical performance of DCRs on amalgam stained dentin in need of extensive cusp replacement was evaluated for the posterior teeth. Cavities were excavated until dentin felt hard with a blunt explorer and stained dentin was removed only until 1 mm from the dentino-enamel junction, other stained dentin was left in place. By this route, we intended to create maximum amount of sound dentin along the outline of the cavities and 8 leave abundant stained dentin in the center of the cavity. Cavity forms presented strongly reduced macromechanical retentive properties. Thus, retention of the DRCs was greatly dependent on adhesion to stained dentin.
Dentin in the evaluated teeth was supposed to be very heterogenic, namely the teeth have been previously exposed to carious attack, resulting in demineralization and sclerosis of dentinal tubules. Cavity preparation for amalgam restoration results in removal of infected dentin, leaving caries-affected dentin behind in the center of the cavity and some sound dentin along the margins of the cavity. This type of dentin becomes exposed to the restorative procedure with amalgam. Subsequently, during clinical function the tooth-restoration complex is subjected to chemical and physical processes in the oral environment leading to remineralization of dentin, deposition of corrosion products in marginal gaps and penetration of metal ions into dentin. It has been demonstrated that penetration of corrosion products is related to demineralized state of dentin. [9] [10] [11] In case of amalgam removal, the clinician is often encountered with dentin that is compromised which makes it a questionable substrate for adequate bonding. Several studies found lower bond strengths in vitro for demineralized caries-affected dentin. [12] [13] [14] [15] [16] To the authors` best knowledge, for stained demineralized dentin no data are available. Harnirattisai et al reported lower microtensile bond strengths of two adhesive resins to amalgam stained dentin, but the dentin in their study was harder than caries affected dentin. 7 Several authors have reported good or acceptable clinical behaviour of DRCs in posterior teeth for restorations in teeth that had not been previously restored with amalgam in an evaluation period of more than 10 years. [13] [14] [15] [17] [18] [19] Fracture of DRCs and secondary caries were the most frequent reasons for failure of such posterior composite restorations. 5, 17, 19, 20 In this study, we found only one failure due to bulk fracture and none of the restorations failed because of secondary caries. For extensive cusp replacing DRCs survival data are limited. Laegreid et al. 21 showed 87.7% survival in 3 years with an annual failure rate of 9 
4.2%. On the other hand, Deliperi and Bardwell found no failures and excellent clinical behaviour of 25
DRCs in molars after 30 months. 22 Previous studies did not report on the state of the dentin. In this clinical study, despite the compromised state and staining of the dentin, no debondings were experienced. The composite used in this study was a small particle hybrid material classified as midifil composite that shows superior physical properties terms of flexure strength, flexure modulus and fracture toughness. 23 Under simulated occlusal loading, this composite demonstrated very low rate of marginal degradation. 24 In a clinical study, the composite showed remarkable wear resistance after 3 years. 25 Furthermore, it is one of the few materials that is still on the market since its introduction decades ago.
The adhesive approach chosen in this study was a 3-step total-etch procedure as this technique produces reliable adhesion in the laboratory studies and has proven to be very effective in clinical application. 26, 27 This adhesive system coupled with the use of a composite material with good physical properties, the quality of dentin as a substrate was compensated for being the weakest link. The number of failures (n=2) because of endodontic problems (pulp necrosis) was low in regard to the extent of the restorations. Teeth in this study had a long history of previous caries, restoration and re-restoration. Thus, pulpal health might have been compromised already before the teeth were included in the study. After effective endodontic treatments and restoration of endodontic openings with composite, both teeth survived without any further complication. The single case of fracture was a bulk fracture that could not be associated with adhesive failure.
As no failure was directly associated with adhesive failure, it is concluded that under clinical conditions adhesion to dentin is not compromised when it is stained from amalgam ions. A possible explanation for these positive results may be that outward flow of dentinal fluid from obliterated dentinal tubules is condensed, reducing hydrophilic properties of dentin and facilitating hybrid layer formation. Since we used an adhesive resin without chemically active components, we do not assume that adhesion is improved by binding to metals in dentin. Several previous studies showed that demineralized dentin is susceptible to 10 penetration of amalgam constituents, and especially Sn and Zn can penetrate into demineralized dentin.
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When these metals replace missing Ca, as a kind of remineralization process, then etchability of dentin might be impaired, resulting in lower bond strengths. Based on the results of this study, this hypothesis or in vitro results could not be verified.
An analysis with mean observation period of up to 40.3 months could be considered medium term followup. DRCs are being followed up for longer period of time in order to observe whether adhesive interface between the composite and stained dentin would suffer from debonding due to fatigue.
In case of large extensive restorations as it were the situation in many of the cases, it was difficult to place rubberdam and especially the rubberdam clamp. Thus, placing rubberdam would rather complicate the treatment flow. Proximal box elevation could be an option for indirect restorations but for DRCs this approach would not bring any additional advantage. Based on the results of this study, it can be stated that the use of rubberdam is not detrimental on the survival of DRCs.
For the evaluation of the DRCs, the whole set of Ryge or FDI criteria were not implemented. Some of the criteria were also not found necessarily relevant for replacement of posterior restorations especially in a private practice setting. Therefore, we selected those criteria from the Ryge-list that were critical for real failure of posterior restorations. Criteria such as color stability, surface texture, staining does not indicate absolute failure. We preferred to score our restorations as failed if any operative intervention is needed in clinical situations of regular dental care delivery. Certainly, in an academic setting, other parameters could be considered in evaluation of quality of DRCs especially for comparison of different materials with one another.
The percentage of stained dentin surface in relation to the overall cavity surface and the presence of enamel were not calculated in this study. As shear and compressive forces occurs during chewing and possibly more heavily in bruxing patients, main forces are expected to concentrate at the outline first, which 11 is sustained by the reliable adhesion of resin materials to etched enamel. The presence of enamel might indeed contribute to retention in shear forces in the cervical regions of the restorations, 28, 29 but in extensive cavity designs like those in this study, the retention of the restorations may benefit from sufficient dentinal adhesion. 30 In addition, during clinical function intermittent compressive forces are at least as challenging as shear stresses. 31 Thus, long-term follow up of these restorations will verify whether failures would be experienced at the tooth-DRC interface of within the material itself as a consequence of fatigue forces.
Conclusions
Since no debonding was experienced during the course of this study with the materials used, it can be stated that in case of amalgam replacement by direct resin composites, dentin that is exposed upon amalgam removal, does not impair survival of extended cusp replacing restorations.
Captions to the legends and tables:
Tables: Table 1 . The brand, type, manufacturer, and chemical composition of the main materials used in this study. Table 2 . Inclusion and exclusion criteria for teeth. Table 3 . Protocol for conditioning the cavity and application of resin composite. Table 4 . Specified criteria for failure of restorations. Table 2 . Inclusion and exclusion criteria for teeth. Table 3 . Protocol for conditioning the cavity and application of resin composite.
Criteria for failure of restorations:
-caries was evident contiguously with the margin of the restoration, operative treatment indicated -restoration was under-contoured, with dentin or base exposed -contact was faulty (not self-correcting) -occlusal height was reduced (occlusion affected)
-restoration was fractured -restoration was missing or mobile partially or totally -tooth structure was fractured -restoration caused pain in tooth or adjacent tissue -surface was rough and could not be refinished -surface was deeply pitted, irregular grooves -obvious crevice at margin was visible, dentin or base exposed -endodontic treatment was indicated because of endodontic complications -tooth needed to be extracted restoration with direct resin composite.
Fig. 2
Event-free survival rates of direct resin composite restorations on stained dentin substrate with amalgam ions in extensive cavities (N=118).
